INTRODUCTION
THE accuracy of estimation of an animal's breeding value can be increased by using its relatives' records as well as its own, in various combinations. Lush (i) first derived optimal weighting coefficients for selection based on individual record and family average, and concluded that selection on such a combined score was never less efficient than selection on the individual's record only. Various systems of selection combining information on the individual and it sibs and/or progeny have since been investigated by Lerner (i 950) , Osborne (1957a, b) and Jardine (1958) , while selection based on records of the individual and its ancestors has been discussed by Le Roy (1958) and Skjervold and Odegard (i) .
In farm animals, records of the dam or sire are useful when early selection is desirable or when additional accuracy is required. Dams' records are, of course, particularly useful in selection for sex-limited characters; for example, Robertson (1959) recently introduced an approximate method of pedigree evaluation with particular reference to dairy cattle. No investigation appears to have been made, however, of the method of combining the records of ancestors with those of contemporaries and/or progeny. Combinations of these types are useful when the records of dam and/or sire are readily available and when the number of offspring and sibs is small. in the present work the use of dam's and sire's records in some combinations is discussed, and explicit formul are presented for various types of combined selection involving records of dam and/or sire.
THEORY (i) Background
The breeding value (G) of an animal may be estimated from the performance of some or all of the following: its dam (D), its sire (F), its own phenotype (I), the mean of its paternal half-sibs (Si), and the mean of its offspring (O). In the present work combined selection using the information of D and/or F in various combinations with I, S and 0 (for example the combinations of D and I, or D, F and O, etc.) are investigated, other combinations not involving D and F having been discussed in the papers cited earlier. However, some 9' combinations such as that of D, F, I, c and 0, have not been investigated, as the computation becomes very tedious and the additional gain in accuracy by adding D and/or F to i, and 0 is probably small.
Selection based on records of full-sibs or maternal haif-sibs has not been considered, as it is not usually practicable in farm animals such as cattle or sheep, with which pedigree records are most likely to be useful. However, the various combinations involving half-sibs can be adapted for full-sib selection by appropriate change of constants.
The prediction equation for G when D and F are used in conjunction with other information is in the usual multiple regression form; for example, when these are used in combination with g we have an index,
where C and Pare the genetic and phenotypic means of the population respectively, and the b1's are the appropriate weightings to be given to the different items of information. When only one item of information is available the above equation, of course, reduces to the simple regression form.
It has been shown by Hazel (i) that when an index is used in selection the genetic gain (AG) can be estimated by zG = iRGIaG where i is the selection differential in standard units, RGZ the multiple correlation coefficient between the index and the breeding value and a is the additive genetic variance. It is also known that the variance of the estimate = (i-Rj)a RGJ therefore is useful in the estimation of genetic gain as well as in the calculation of confidence limits for zG. In the following pages formul for b. and RGI for various combinations are given, but before presenting the formul several pertinent points need to be mentioned.
(i) In the development of the formul it is assumed that the individual and its relatives have the same population mean.
When the means are different, correction of records is necessary before the formul can be applied.
(ii) It is assumed that the animals under consideration are not inbred.
(iii) In the calculation of ', the individual's own record is not included. When the individual record is available, it will be used as additional independent information on G.
In calculating the partial regression coefficients, it is necessary to write down the theoretical correlation coefficients between records of different relatives. Such coefficients have been derived and are presented in matrix form as: 
T being the value of repeatability, x = , n being the number of half sibs, and t the i + (n -i) t intraclass correlation, between sibs (t = h2
for half sibs), = q , q being the number of progeny.
It is seen that when k =j
so that formul derived for means of any type of record can readily be reduced to cases when only a single record of each kind is available. With these coefficients it is possible, by standard multiple regression analysis, to calculate the appropriate weights to be given to each item of information in a given combination, as well as the multiple correlation coefficient between the resulting index and the animal's breeding value. The formula are presented in the order of: (
(ii) Combinations involving records of the dam.
(iii) Combinations involving records of the sire.
(i) (a) F+ h2J(4 h2J)
(iv) Combinations involving records of both dam and sire.
( A detailed examination of the relative efficiency of all the combinations presented here would be extremely lengthy, but a general discussion and some specific examples may be of interest.
The relative efficiency of any two systems depends on such factors as the number of different items of records used, the correlation between records of relatives and the breeding value of the animal and the values of heritability under consideration. The value of heritability for any given character can be regarded as given so that the efficiency of any system depends largely on the types of records used and the correlation between the records and the breeding value.
The most useful types of records, of course, would be those highly correlated with G. The correlation between a record and G is determined, apart from the genetic relationships between the record and G In such comparisons it is convenient to assume that the proportion of animals selected with either method is constant. The relative efficiency of any two systems, in terms of genetic gain, is then the ratio of the two correlation coefficients between the breeding value and the respective selection indices. In the present case the relative superiority of the system D +P +1 over mass selection is Fin. i.-The relative efficiency of combined selection (using records of dam, sire and individual) and mass selection (using individual only).
Gain by combined selection Note : Relative efficiency = Gain by mass selection k number of records on dam, j = number of records on sire.
Repeatability has been assumed 30 per cent, higher than heritability.
j are large and h2 low. When h2 is high the gain by combined selection is small irrespective of the sizes of Ic and j. But when h2 is low (say, 0 '2), even when Ic = j = i, combined selection offers an advantage It should be noted that when the dam's records are ignored, half-sib testing is only 50 per cent, as efficient as progeny testing, in terms of gain per generation. In fig. 2 , therefore, values of E2 tend towards o5 as n increases. When n is small, E2 can be greater than i, so that under our present conditions D+gis then more efficient. An interesting feature of fig. 2 is that the addition of D in the index can increase the relative efficiency of sib-testing considerably even when n is quite large. This is particularly so when h2 is high. Thus when n = 35, under the present set of conditions the addition of D has contributed approximately 14 per cent. to the relative efficiency when h2 0.3, i6 per cent. when h2 = o5 and i8 per cent. when h2 = 07.
Genetic gain per generation in the above comparison, however, is not a realistic criterion. As has been pointed out by many workers in this field (Dickerson and Hazel, x; Rendel and Robertson, 1950, etc.) factors such as generation length, flock structure, and the relative costs etc. must also be considered. Another factor which is in favour of the .b + system is the fact that it may be possible to examine the records of dams and sibs of all the male animals under consideration, but it is almost impossible to progeny test them all. If this is the cae the selection intensity for the D + system would be higher than that of progeny testing and it follows that the selection differential, in standard deviation units, (i) for D +.c would also be higher. Hence the relative efficiency of 1 + in reality, would usually be higher than it is indicated by values of E2. In such cases, the ratio of relative efficiency of the two systems may be calculated as E2(i1/i2), where i1 and i2 are the i values for the systems D and U respectively.
All the above comments are well known to animal breeders but it seems pertinent to point out the various important considerations associated with any family selection problems.
SUMMARY
The use of records of the dam and the sire in various combinations with the record of the individual, sibs average, and progeny average is investigated. Explicit formul for z6 different combinations are given. These sets of formul can be applied in selection when the relatives have different amounts of information. Systems of combined selection investigated in this work are useful when it is desirable to select animals early in life, or when additional accuracy in selection is required. Records of the dams in combination with other information are particularly useful in selection for sex-limited characters.
The relative efficiency of some systems of combined selection are discussed as part of a general comment on the relative efficiencies of different systems of combined selection. G2
